Abstract: Essential energy needs are not always met in poor and rural areas of developing counties; therefore, natural energy sources are necessary to mitigate this problem. Rural areas inhabitants utilize methane as a replacement for cooking gas to reduce their gas bill. Methane gas can be produced from a biogas digester; however, operating a large digester in a densely populated village in Jordan can be challenging due to inefficient village waste management systems. On the other hand, using a small-scale portable biogas digester to generate biogas could overcome these problems. In this work, three biogas digester feedstocks for a small portable biogas digester from natural sources available in Jordanian villages such as human and animal waste were designed and evaluated. The three feedstocks are food waste, human waste, and a mixture of human and food waste. The parameters tested were the digester size and the biogas production. The results showed that the best digester for portable application was that which digested a mixture of human and food waste; for a five-member family, this type of digester provided 115% of the family's cooking gas requirements with a digester volume of 0.54 m 3 . This design, while applicable for a typical rural Jordanian family, can also be utilized globally.
Introduction
In 2015, the United Nations Development Programme (UNDP) identified 17 Sustainable Development Goals (SDGs) to be reached by 2030. Goal number seven of the UNDP SDGs states the need for affordable, clean, and sustainable energy access for all. One in seven people worldwide does not have access to electricity; most of these people are in rural areas, in addition to three billion people using unhealthy fuels for cooking [1] . Biogas digesters can be used in those rural areas to meet the energy demands and satisfy the UNDP goals with an emphasis on clean and sustainable energy under responsible consumption and production.
Waste management is one of the major challenges that face society, especially in developing countries. In several countries, waste management and reduction climbed to the top of their priorities' list because of their negative environmental effects, representing a very important share of the common responsibilities and efforts in the endeavor to reduce the pollution and greenhouse gas emissions that cause global climate change. The old way of disposing wastes is unacceptable today; because of its undesirable effects, even using landfills for controlled waste disposal is not considered an optimal practice, as environmental standards call for the utilization of waste management through the recovery process, recycling nutrients, and using organic matter to produce biogas. The anaerobic digestion (AD) of the organic materials that come from animal manure and human waste as digestible organic matter produces biogas as a renewable energy and offers a fertilizer for agriculture uses. Behind that, anaerobic digestion reduces the amount of non-useful materials and increases the utilization factor of the energy conversion process.
Biogas is a by-product of the anaerobic decomposition process of organic matter. It is a combustible gas consisting primarily of methane, carbon dioxide, and small amounts of other gases that are produced when the waste is fermented in the absence of the oxygen. The solid material that remains in the digester after the fermentation, which is rich in macro and micronutrients, can be used as an organic fertilizer.
The documentation process of the production and collection of biogas started for the first time in the United Kingdom in 1895 [2] . Since then, the process was applied and developed for wastewater treatment. The energy crisis of the early 1970s prompted interest in renewable energy and raised awareness about energy alternatives such as biogas from AD. The interest in biogas from AD received more traction with the confirmation of the depletion of fossil fuels along with the need for finding sustainable and environmentally friendly methods of recycling and treating human, animal, and organic waste.
There are over 35 million biogas installations worldwide, with production widely spread in Europe and North America; however, these installations are plant-based, while India and China focus on household biogas production [3] . Those biogas production methods are not applicable for rural areas, so studies in Africa [4, 5] , Asia [6] , and South America [7, 8] attempted to adjust biogas production from digesters to meet family needs in rural areas.
Biogas digesters use the anaerobic fermentation of organic matter in the absence of oxygen to produce biogas [9] . The AD is applied globally as a wastewater treatment method for methane production with livestock manures [10] . Several factors can affect the anaerobic digestion process; different feedstock will degrade at different rates and produce different amounts of methane. Different wastes with wastewaters can be mixed together and treated in the co-digestion schemes; the mixing process of different substrates improves the methane production and reduces the life cycle costs.
A biogas digester is an airtight enclosed container that aims to enhance the anaerobic digestion process of biodegradable waste such as animal manure and domestic wastes [11] . Biogas digesters can be classified into three categories: (i) passive systems, where recovered biogas is added to an existing waste treatment facility and there is little control of the anaerobic digestion process; (ii) low rate systems, where the wastes flows through the digester and only leaves when the designed hydraulic retention time (HRT) ends; and (iii) high rate systems, where the methane-forming bacteria is trapped in the digester to enhance the biogas production efficiency.
Jordan is one of the developing countries that is facing waste and pollution problems; at the same time, keeping up with scientific innovations can curtail waste and enhance renewable energy production in an era of constantly increasing fuel prices. As a response to that, the authors have proposed a sustainable design for cities that could utilize biogas to provide sustainable energy [12] .
The most recent average growth rate of the Jordanian population stands at about 3.5% due to voluntary and involuntary migration. The influx of refugees and displaced persons has resulted in fast and uncontrolled urbanization; this is another reason for new sources of energy such as biogas.
Biogas production from wastewater in Jordan is very limited; it requires a large-scale biogas production system with high safety standards in addition to high operation and maintenance costs. These constraints motivated the authors to study microscale portable biogas digesters for small Jordanian communities, focusing on biogas production for a single family with the intention of evaluating the effect of this small-scale system on the family's energy consumption.
Investigations into biomass resources in Jordan for biogas production found that Jordan produces more than 5.83 mega tons (MT) of waste and residue annually, 42% of which is available sources for biogas production and energy generation [13] . The annual biogas and power potentials are 313.14 million cubic meters (MCMs) and 847.39 GWh, respectively. Biogas could replace 23.64% of Jordan's energy consumption in the year 2012 in the form of natural gas.
Work on the fabrication of a portable digester considering the economic and ergonomic factors with maximum efficiency in methane production in all weather conditions concluded that this digester helped the society in two ways: the first was to reduce waste, and the second was to provide valuable energy [14] . A study of the design of a digester with a fixed dome, unlike the ones used for cow dung, judged all the parameters in the experiment and their effects on the process of the anaerobic digestion of paddy straw [15] .
A review of the biogas digester types installed in rural South Africa to help stakeholders in the selection of the most appropriate digester type that was well-suited to their environmental conditions concluded that the in situ cast concrete digester was the most suitable design for installation in rural South Africa [4] . A simulation of the operation of an anaerobic digestion located on a farm and primarily fed by cattle slurry, manure, and ensiled maize to control the methane production discovered that a controlled addition of external substrates was possible to maintain the methane production at the desired level [16] .
A novel and universal methodology for the design of low-cost tubular digesters [17] was presented with a recommendation for designing the digester using a trench cross-sectional area. The design also proposed an optimization of the trench dimensions with respect to the angle of the walls and the relationship between the length of the biogas bell and the top width of the trench. A study on the effect of using pasteurized food waste in mixture with cattle manure as a feedstock found that no large-scale inhibition phenomena were observed on the thermophilic anaerobic digestion systems when the hydraulic retention time was sustained to at least 21 days without jeopardizing the process [18] .
A design of a floating dome-type portable biogas plant to help farmers in the remote area of Pakistan treat their residue biomass was presented [19] , and after testing the portable design, it was found that it was beneficial due to its long life, light weight, and capacity to sufficiently produce biogas.
Another study compared the energy production, wastewater treatment efficiency, and financial cost of communal anaerobic digesters (ADs) used for domestic wastewater treatment with septic tanks (STs), which is the alternative conventional wastewater treatment in Zambia [20] . Data from 15 anaerobic digesters were collected and used in this study; it was found that anaerobic digesters wastewater treatment efficiencies ranging from 61% to 83%, and households with digesters used 29% less energy. Further, the economic effect of installing a biodigester in Arusha, Tanzania can reduce the money, time, cost of fuel procurement, and the fuel wood use [21] . Firewood and kerosene consumption with the digester were 93% (5376 kg) and 98% (48 L) less per year, respectively, compared to households without digesters. Households with digesters spent an average of $249 less per year on energy. No significant differences in agricultural productivity or synthetic fertilizer between households with and without digesters were found.
One study investigated the effect that co-digesting sewage sludge with a small amount of food and farm waste had on increasing the biogas production. This study mixed sewage sludge (SS) with sheep manure (SM), crude glycerol (CG), cheese whey (CW), grape residues (GR), and food waste (FW) in small ratios of 5-10% (v/v). The results determined that there was a significant increase in biogas production-148%-through using a mixture with 5% FW, while 5% FW and 5% CG increased production by nearly 220%. The worst improvement was from the mixture that contained 5% SM, which only increased biogas production by 14% [22] .
Based on the literature review, it was found that portable digesters in Jordanian villages have not yet not been investigated. This work covers the utilization of portable digesters to benefit villagers and enhance waste management by treating domestic waste and exploiting alternative sources of energy. Even though the design parameters were Jordan-focused, the concept can be used globally with minor modifications, and the portability factor makes it attractive for rural inhabitant in different parts of the world.
Methodology
In 2015, the Jordanian population was 9,531,712 which amounted to 1,977,534 families with an average family size of 4.82 individuals; the average number of family members in the rural areas was higher than the city average [23] .
The calculation of the gas production rate per kilograms of a particular process within the body of a digester varies from one biomass material to another. Here, the mathematical calculations for four different types of cylindrical dome digesters are based on the feedstock daily production rate for each case. The calculations took the following into consideration: inlet cylindrical tank, digester volume, dome (gas volume), and outlet chamber agitator.
The process of gas production depends on the type of material that produces biogas and the number of vital elements in it; each material has a specific fermentation period and a specific proportion of gas production according to the normative conditions. Table 1 contains the biogas yield of different available feedstocks on which the design of the biogas digester depends. The following equations (1-16, shown in Table 2 ), and assumptions were all obtained from reference [15] with minor modifications to fit the design of this study. Table 2 . List of equations and symbol definitions used to calculate the biogas digester's size.
Equation (Eq)
Eq # Eq Symbol Symbol Description
Gas production rate Megaton Gas yield
Active slurry volume Hydraulic retention time
Height of the biogas digester Diameter of the biogas digester
Slurry displacement height in the inlet/outlet tank Slurry displacement inside the digester
Length of outlet tank Breath of outlet tank
A CT Area of the inlet cylindrical tank V CT = A CT /H (13) V CT Volume of the inlet cylindrical tank
The assumptions were:
1. The total mass is the mass of the solid waste plus the mass of the water; 20 L of water are required for 10 kg of dry waste. 2.
In the biogas digester, the ratio of the diameter (D) to the height (H) was set at D:2H.
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3.
Cooking was assumed to take place twice a day. 50% of the gas produced in a day was available for one cooking span.
4.
The slurry displacement height (h) in the inlet and outlet tanks depended upon the following factors: the maximum pressure attained by the gas was equal to the pressure of the water (slurry) column above the lowest slurry level in the inlet/outlet tanks; the pressure was selected to be 0.85 m water gauge as a safe limit. 5.
Equations (8)- (10) were valid for both the inlet and outlet if both were rectangular, but since only the outlet was rectangular, the equation was modified to Equation (11). 6.
If the diameters of the inlet pipe were not available in the range of ±15 to 20 cm, the inlet and outlet tanks were not the same dimensions. The inlet diameter was slightly higher because it was also used as the storage tank. 7.
V d was fixed at 0.4 G, which was the remaining gas space volume.
The equations in Table 2 were solved using the Engineering Equation Solver (EES) tool to obtain the design of four domestic biogas digesters. The design of the biogas digesters was based on the feedstock. The domestic feedstocks were human waste, food waste, and a mixture of human and food waste. Another design was based on domestic animal waste only. Two parameters were studied: the digester's size and methane gas production. The first scenario was a human waste biogas digester, from Table 1 ; the biogas production of human waste was 0.023 m −3 kg −1 , and the production rate was taken at 0.6 kg per day. The second scenario was executed using food waste as the feedstock; the equation that calculates the domestic waste as a function of family size [24] was:
where Y is human waste production and N is the number of family members. Less than half (40%) of the domestic waste was organic; one kilogram of food waste yields 0.2 m 3 of biogas [24] . The third scenario was executed by using both human and food waste as the feedstock. The fourth scenario utilized a domestic animal manure biogas digester. The results presented in this work were based on the input data obtained from the Jordanian Department of Statistics [23] ; these inputs were used in the equations discussed in Table 2 . Similarly, the inputs can be adjusted to fit the parameters of different areas, making the proposed portable biogas digester suitable for use in different areas across the globe.
The validation of results presented in Table 3 was done by comparing the results obtained by reference [15] and those obtained in this study. Although the calculations in this study were done using approximation, the maximum error in the results shown in Table 3 was 1.55%; this approximation marginally affected the H and D calculations. Based on that and on equations 18 and 19, the results of this study were validated. 
Results and Discussion
The result of the digester's design was based on two parameters: the digester's size and the methane production rate. The digester's size was important to determine its ability to be used in portable application, while the methane gas production was important to determine how efficient the digester was to cover the family's cooking gas requirement. The major component of waste was human waste, but since every family has its food residuals, and since those residuals have a percentage of the biogas production, the food residuals were added to the waste to study the improvement in the biogas production.
The results of the domestic waste digesters' diameters are presented in Figure 1 ; the digester that uses human and food waste has the biggest size, and it is very close to the digester that is used for human waste only. As the family size increases, the difference between the two digesters becomes more significant. Figure 1 also shows that the size of the food waste digester was by far the smallest.
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System Parameters Value
Gas production (m 3 The summary of the results of the four cases of the digester design and the gas production capability is presented in Table 5 . The average number of individuals in the family was considered to be five, according to the Jordanian Department of Statistics [23] . The gas cylinder is compared to the Jordanian LPG cooking gas cylinder that, according to the Jordanian petroleum refinery company, contains 12.5 kg of LPG gas. Large size that requires a wide insulation space, cover the monthly cooking gas demand four times over Table 5 shows that the human waste covers 68% of the monthly cooking gas demand and is enhanced by food residuals to reach 115% of the monthly gas demand. On the other hand, the domestic animal wastes for biogas production can cover the gas demand four times over, but the problem was that the digester size has increased significantly.
Conclusions
The digester size and biogas productivity are the parameters controlling the design of a portable digester. Firstly, investment in a portable digester can solve the waste management of rural populations and reduce a family's gas bill. Secondly, it has been noticed that a farm animal manure digester has the highest biogas productivity, and it covers four times the gas demand of one five-member family; however, with a volume of 2.1 m 3 , it is oversized for portable applications. Thirdly, organic fertilizers can be made from the slurry generated after the biogas production process. A human waste digester and a food waste digester both met the portable size requirement with digester sizes of 0.5 m 3 and 0.09 m 3 , respectively. Both have a low biogas productivity that covers 68% and 46%, respectively, of the family's cooking gas requirement. Finally, the best design was one that was able to digest a mixture of human and food waste, this digester met the portable size requirement, with a digester size of 0.54 m 3 , and supplied 115% of a family's cooking gas requirement. Different geographical locations, rural area climates, and rural family sizes will require minor adjustments in this design, yet it will also provide the required energy to meet the demand of a rural family anywhere in the world. 
